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High -Speed Testing 


THE H. M. Howe Memorial Lecture, 1941, given 
before the American Institute of Mining and Metal- 
lurgical Engineers by A. V. de Forest,! dealt with 
**Some Complexities of Impact Strength.” After 
indicating that metallurgists, at least since Réaumur’s 
time, have been in the habit of judging material by 
the nick bend test, Professor de Forest proceeded to 
discuss many of the factors which affect the results 
of the notched-bar impact test, in particular the con- 
ditions of constraint imposed by the notch. . It is now 
clearly recognised that multi-axial conditions of 
stress constitute the essential difference between 
notched-bar testing and tensile testing, and that the 
type of loading of the notched-bar specimen, whether 
by slowly applied load or by impact, is merely a com- 
plicating factor in the case. First it is necessary to 
understand the ductility of materials under multi- 
axial stress conditions and then, separately and inde- 
pendently, to ascertain whether or not there is any 
effect on this property due to elevated rates of loading. 
To define the strength of a ductile material, in addition 
to the normal or uniaxial strain condition, the degree 
of constraint necessary just to cause brittle failure 
should also be defined. Any system of stress distri- 
bution that causes brittle failure involves cohesive 
strength, but no generally accepted test for this 
property has been evolved. Conditions that lead 
towards more and more constraint are primarily 
attained by varying the form of notch and dimensions 
of the test piece. 

Long before the era of quantitative testing the 
effect on steel of lowered temperature was observed. 
One of the great contributions of notched-bar testing 
has been the observation that, while ductility under 
tensile conditions is not seriously affected, ductility 
under combined stress may altogether disappear 
at temperatures approaching 0 deg. Fah. Lowering 
the temperature. below atmospheric will cause brittle- 
ness to.occur.in most steels with less constraint ; so 
also will increasing the speed of testing. It is evident, 
however, that these variables, constraint, temperature 
and speed, must be dealt with separately before their 
fall relationship is-understood. . 

Long ago Howe suggested that the value of impact 
testing would.be greater if the elastic limit under 
impact could be measured as well as the total work 
done. This has been attempted in recent years and 
much has been done to study the phenomena asso- 
ciated with tensile impact loading without notch 
effect. Both H. C. Mann? and A. Nadai and M. J. 
Manjoine? have constructed rotating fly-wheel 
machines in which high rates of loading are possible. 





Mann’s machine, like previous impact machines, 
records only the work done in breaking the bar, 
whereas Nadai weighs the instantaneous load on the 
test specimen together with its rate of elongation. 
Mann reported that in some steels the work done in 
breaking the specimens remained constant up to a 
definite speed above which the work done decreased 
as the speed was increased although percentage 
elongation remained approximately constant. ‘This 
effect was therefore of a different nature from the 
speed effect in notched-bar testing, where decreased 
energy absorption is a function of lowered ductility. 
It has not been confirmed, possibly because no work 
on the same range of speeds and materials has been 
carried out ; but although it has been doubted and 
attributed to conditions of testing, the possible 
importance of Mann’s critical speed must not be 
overlooked. 

Nadai’s tests on a variety of metals at various 
temperatures show that the tensile strength increases 
progressively as the rate of loading is increased, but 
he found no evidence to indicate that steel under 
tensile load in an unnotched condition at room tem- 
perature approaches a brittle failure at increased 
rates of loading. For example, at 25 deg. Cent. the 
tensile strength of specimens, broken at the rate of 
1000in. per inch per second, showed an increase over 
static tests of 40 per cent. for copper and for mild 
steel, and 55 per cent. for aluminium, but a slight 
decrease for 18:8 stainless steel. Similar increases 
were found by D. W. Ginns‘ and were confirmed by 
D. S. Clark and G. Datwyler.5 These tests, however, 
do not cover the important group of alloy steels so 
frequently used under conditions of dynamic stress, 
and in this respect Professor de Forest’s excellent 
summary may be amplified by a reference to work 
carried out in this country. 

A. F. C. Brown and N. D. G. Vincent,* working at 
the National Physical Laboratory, have devised 
apparatus for the measurement of the relationship 
between stress and strain in tensile impact, the stress 
being measured piezo-electrically and the strain 
photo-electrically. The rate of strain was up to 
800in. per inch per second. No evidence was found 
of Mann’s transition velocity. The straining velocities 
used were, however, much lower than those reached 
by Mann. 

With wrought iron and normalised 0-3 per cent. 
carbon steel there was an increase in tensile strength 
and a considerable increase in yield point as the rate 
of strain was increased. The rise ‘in yield point of the 
wrought iron amounted to 100 per cent. of its original 
value. With hardened and tempered low-carbon- 
manganese steel, nickel-chromium steel and nickel- 
chromium-molybdenum steels (yield points respec- 
tively 44, 48 and 65-5 tons per square inch) there was 
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little or no change in the yield point under similar 
conditions of testing. 

These results are very significant and not only 
indicate a marked difference in the susceptibility to 
speed effect of mild steel on the one hand and heat- 
treated alloy steel on the other, but show that the 
alloy steels are no more resistant against a suddenly 
applied stress than against a slowly applied stress of 
the same magnitude. The idea that yield point 
increases with rate of strain in all steels is possibly 
derived from analogy with the mild steels and from 
the observation that, in ordinary testing, the yield as 
determined by ‘“‘ drop of beam ”’ or by autographic 
diagram methods increases with the rate of loading. 
It certainly does, but this is purely an inertia effect 
and one to be guarded against in commercial testing. 
The work of Brown and Vincent shows that when the 
methods adopted for the measurement of stress and 
strain are free from inertia effects the yield point of 
mild steel still rises, but that of heat-treated alloy 
steels is independent of speed of loading. 

Although the measurement of loads applied under 
impact conditions has received a good deal of atten- 
tion in the past, the absence of any effect of speed on 
the yield point of heat-treated alloy steels has only 
recently been recognised, since strain gauges that 
would operate rapidly enough to record the pheno- 
mena have not been available. The latest form of 
strain gauge described by Professor de Forest makes 
use of the change in electrical resistance in the 
strained wire. The fact that the electrical resistance 
of the wire depends on its longitudinal strain was 
discovered by Lord Kelvin. Later, Bridgman 
utilised this change in resistance of wire as a means 
of measuring hydrostatic pressures. D. 8S. Clark and 
G. Datwyler® used wires cemented down to the metal 
surface. The change in resistance was found to be 
closely proportional to the strain imposed on the 
metal, there was no observable hysteresis and the 
wire appeared to change its resistance instantaneously 
with the applied deformation. Tests have been con- 
ducted up to 30,000 cycles per second without show- 
ing any speed effect. 

The active element of the gauge, in the form of wire 
one thousandth of an inch in diameter, embedded in 
an insulating cement or baked-on varnish, is capable 
of withstanding the highest acceleration, having only 
an infinitesimal mass and being very firmly attached 
throughout its whole length. The gauge may be of 
any shape and may conform to surfaces of single or 
double curvature. Gauges may be placed in any 
direction on the metal and the different components 
of strain may be measured independently. 

When the wire has been properly selected it has 
been found that the calibration is accurate to within 
plus or minus 1 per cent. For static use a single 
resistance bridge may be used for measuring stresses 
down to 30 lb. per square inch in steel. For dynamic 
use the output of the bridge can be amplified and 
recorded on any suitable oscillograph, for example, 
in order to study high rates of deformation a three- 
element cathode ray oscillograph (and associated 
amplifiers) has been developed at the Massachusetts 
Institute of Technology. This device photographs 
the oscillograph record on 35-mm. film with a drum 
camera and produces records that are quite satis- 
factory when enlarged to a time basis of 4in. per 
thousandth of a second. 

Professor de Forest describes the analysis of waves 
of stress travelling through solid bars after longi- 
tudinal impact, and of the vibrations set up by 
impact on the end of a solid bar, at the middle of 





which there is a change of diameter. The method is 
peculiarly suitable for the study of impact pheno- 
mena and, as indicated by Professor de Forest, a use 
is being found for these gauges on investigations 
connected with the American programme of national 
defence. 
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Hydrogen as an Alloying Element 
in Steel and Cast Iron 


Or the gaseous non-metallic elements always 
present in some form in commercial iron and steel, 
though usually in very small amount, oxygen and 
nitrogen have until recently received most attention. 
Nitrogen came into prominence in connection with 
the ageing of mild steel, and later as a definite 
alloying element, e.g., in nitrided steel or in certain 
corrosion-resisting steels in which advantage is taken 
of the effect of nitrogen in increasing the stability of 
austenite.? 

To oxygen, according to the fundamental work of 
McQuaid and Ehn, must be ascribed a negative 
influence on the hardenability of steel. In any case 
the secondary influence of oxygen, through oxidation 
and removal of easily oxidisable elements in steel, can 
simulate a reduction in hardenability. Similarly, 
non-metallic inclusions (which contain oxygen) may 
function as inoculating nuclei favouring transforma- 
tion on cooling and can thus act in the direction of 
reducing hardenability. 

In the last few years increased attention has been 
devoted to hydrogen and the question of its exact 
function in steel has prompted numerous investiga- 
tions, including one recently published under the title 
of this article by E. Houdremont and P. A. Heller.? 
Specimens 30 mm. in diameter of eutectoid carbon 
steel were enriched in hydrogen by heating them in 
dry hydrogen for five or ten hours at 1000 deg. and 
1100 deg. Cent. Further specimens of the same steel 
were subjected to the same heat treatment in charcoal. 
All were quenched in water immediately from the 
annealing temperature in order to hinder the escape 
of hydrogen on cooling. Fracture of the specimens 
in this condition immediately showed that depth 
hardening was increased by absorption of hydrogen. 
Tne grain size of the specimens annealed in charcoal 
and in hydrogen was nearly the same, but the depth 
of hardening was much greater after annealing in 
hydrogen and greater still when the annealing was 
extended from five to ten hours or the temperature 
raised by 100 deg. The hardness tests over a cross 
section of the quenched bars illustrate this (Figs. 1—4). 
Thus the influence of hydrogen is to increase harden- 
ability. 

It might well be that the effect of the hydrogen was 
indirect and that it was some accompanying circum- 
stance, such as reduction of oxide, which altered the 
hardenability. To check this possibility hydrogen- 
rich specimens which showed deep hardening were 
annealed to remove the hydrogen and after normalis- 
ing were hardened again. The steels treated this way 
showed, after the removal of hydrogen, the same 
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depth of hardening as the specimen which had never 
been hydrogen treated. The increase in hardenability 
thus seems to be directly attributable to the action 
of hydrogen. Similarly, an alloy steel which with a 
given rate of cooling is fully transformed to pearlite 
will, as a result of hydrogen absorption, experience a 
retardation of the transformation, so that at the same 
rate of cooling as before it transforms at a lower 
temperature and shows the “‘ intermediate ”’ structure. 
The steel annealed in hydrogen always had a slightly 
coarser grain size, but this alone was insufficient to 
account for the marked difference in the tendency to 
decomposition of the austenite. The hydrogen treat- 
ment of a steel, which readily forms spheroidised 
cementite and tends to the “‘ abnormal ”’ structure in 
the McQuaid-Ehn test, induces a normal cementite 
and pearlite structure. In cast iron it was found that 
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Fics. 1 To 4—Increase of Hardenability due to Hydrogen 
Absorption on Annealing a Carbon Steel Containing 0:95 per 
cent. C, 0-13 per cent. Si and 0-18 per cent. Mn in Hydrogen 
for Five or Ten Hours and Quenching in Water 


hydrogen acted as a carbide stabiliser favouring the 
retention of the structures of the metastable iron- 
cementite system. The hydrogen content necessary 
for this purpose was found to be only of the order of 
0-5 to 0-7 c.c. per 100 g., a very small amount, much 
smaller than the 0:0002 to 0-001 per cent. stated to 
be present in commercially produced white cast iron.* 
The action of the hydrogen in cast iron is thus analo- 
gous to its action in increasing the depth of hardening 
of steel. 

No pronouncement is made by the authors as to 
exactly how the influence of hydrogen is exerted, but 
it is regarded by them as just as truly an “ alloy 
element ”’ in iron and steel as, for example, manganese 
or chromium. 
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Brittleness in High - Chromium 
Steels 


DIFFICULTIES in the production of high-chromium 
steels of good mechanical properties are associated 
mainly with the absence of transformation, with 
resulting tendency to large grain size, and with the 
embrittlement which occurs in the range of tempera- 
ture 400 deg. to 500 deg. Cent. 

F. M. Becket? called this effect ‘‘ 475 deg. brittle- 
ness,”’ since in chromium steels with about 20 to 25 per 
cent. of chromium the maximum embrittlement 
resulted from heating at 475 deg. Cent. The alloys 
were found to undergo structural changes, not micro- 
scopically discernible, which resulted in extreme loss 
of ductility at room temperature. Fortunately, by 
rapid cooling through the embrittling range the 
phenomenon is practically avoided and it is again 
fortunate that heating to a temperature slightly 
above th> range completely restores the structure to 
the more ductile state. It was found by Becket that 
the material is not brittle at 475 deg. Cent. and only 
shows its brittleness at temperatures below about 
100 deg. Cent. The phenomenon just described was 
not observed in chromium steels containing less than 
about 20 per cent. of chromium, although brittleness 
of a different nature may be developed at lower 
chromium contents. Although it seemed probable 
that the brittleness was caused by precipitation of 
particles of submicroscopic size, investigation yielded 
little information as to the nature of the precipitate. 
The effect was apparently not due to carbides, since 
high-purity induction-furnace alloys containing 
carbon as low as 0-006 per cent. with 24-35 per cent. 
of chromium inhibited “475 deg. brittleness,” as 
also did high-purity alloys made from electrolytic 
iron and electrolytic chromium melted in vacuo and 
deoxidised with hydrogen. The only specimen of 
high-chromium steel that did not become brittle 
after long holding in the range had been cold worked 
to strip with intermediate and final vacuum annealing. 
Neither was the embrittlement due to precipitation 
of the sigma phase, which only appeared to the extent 
of 1 or 2 per cent. in steels with 35 per cent. of 
chromium. 

Considerable additions to the data available on 
‘* 475 deg. brittleness ’’ are contained in a paper on 
“The Embrittlement of High-chromium Steels in 
the Temperature Range 300 deg. to 600 deg. Cent.,”’ 
by G. Riedrich and F. Loib.? They studied the 
embrittlement phenomenon in forty-eight steels 
made in 5-kilo. melts in a basic-lined high-frequency 
furnace. The ingots, about 200 mm. long by 60 mm. 
diameter, were forged to plates 600 mm. by 120 mm., 
which were then rolled to a thickness of 3mm. at a 
rolliag temperature of about 1000 deg. Cent., finishing 
at 600 deg. or 700 deg. They were then heated for 
half an hour at 750 deg. Cent. and quenched in water 
to carry them through the range 600 deg. to 300 deg. 
as rapidly as possible. Bend test specimens of all 
the steels in this condition could be bent through 
180 deg. The bend test was used throughout and the 
angle of bend up to fracture was taken, in spite of its 
relative inaccuracy, as a measure of embrittlement, 
since the notched-bar impact value of the steels, even 
in the non-embrittled condition, amounted to only 
about 1 mkg. per square centimetre. 


DEPENDENCE OF EMBRITTLEMENT ON COMPOSITION 
Chromium Content.—In a series of steels containing 
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14-5 to 28-7 per cent. of chromium the embrittling 
effect extended over the range 400 deg. to 500 deg. 
Cent., the maximum embrittlement occurring at 
475 deg. (Fig. 1). By increasing the time of exposure 
to the temperature, alloys of progressively lower 
chromium content began to be affected. In the steel 
with 23-7 per cent. of chromium complete embrittle- 
ment occurs in 1000 hours at 400 deg., 100 hours at 
475 deg. and 500 hours at 500 deg. At 550 deg. no 
embrittlement was caused even after 1000 hours. 
After 1000 hours at 475 deg. no embrittlement 
occurred in steels with under about 15 per cent. 
of chromium, considerable embrittlement in steels 
with 15-5 to 18 per cent. and pronounced 
embrittlement in steels with 19 per cent. and over. 
In standard impact test pieces (10mm. by 10 mm. 
with notch 2mm. diameter and 3 mm. deep) a ten- 
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degree of embrittlement produced by a given 
treatment. 

Manganese Content.—Some preliminary _ tests 
showed 475 deg. to be the most effective embrittling 
temperature; 3 per cent. of manganese had the 
effect of raising the chromium content at which 
brittleness first appears by about 2 per cent. 

Silicon Content.—With long times of heating at 
475 deg. Cent. embrittlement begins to show at about 
the same chromium content (15-5 per cent.) as in 
silicon-free steels, but the time required to produce 
embrittlement in steel of given chromium content is 
lessened by the presence of 2-7 per cent. of silicon. 

Carbon Content.—The effect of carbon content was 
studied at 475 deg. Cent. Short times of heating 
(one to fifty hours) had a greater embrittling effect 
on steels with 0-2 to 0-28 per cent. of carbon than on 
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Fic. 1—Effeet of 10 to 1000 Hours Heating at 400 deg. to 500 deg. Cent. on Low Carbon Chromium Steels 


dency to embrittlement was shown by a steel con- 
taining 15-18 per cent. of chromium but none by a 
steel containing 14-42 per cent. of chromium. The 
original impact value was 18 mkg. per square centi- 
metre in each case, but after 1000 hours at 475 deg. 
Cent. that of the 14-42 per cent. chromium steel had 
risen to 22 mkg. per square centimetre, whilst that 
of the higher chromium steel had fallen to 3 mkg. 
per square centimetre. 

Titanium Content.—The embrittling range and 
temperature of maximum embrittlement were 
unchanged, but in the presence of 0-9 per cent. of 
titanium, the time required to produce embrittle- 
ment and the minimum chromium content at which 
complete brittleness appears are slightly lowered 
(Fig. 2). Increase of titanium to 3-8 per cent. had 
but a small additional effect. 

Niobium Content.—In niobium-containing steels, as 
in niobium-free steels, the embrittlement occurs in 
the range 400 deg. to 500 deg. Cent. and is most pro- 
nounced at 475 deg. Cent. Chromium steels with 
1-7 per cent. of niobium behave very similarly to the 
niobium-free steels, but with higher niobium ‘content 
(2-4 to 4-5 per cent.) there was some increase in the 





those with 0-04 to 0-1 per cent., but otherwise. the 
influence of carbon content was very slight. 


REMOVAL OF BRITTLENESS BY HEAT TREATMENT 


As indicated by Becket, the brittleness developed 
in these steels can be removed by quickly cooling the 
steel from a temperature above the embrittling range. 
The chromium steels, embrittled by heating for 1000 
hours at 475 deg. Cent. (Fig. 1), were reheated to 
higher temperatures. At 550 deg. there was no change 
in 100 hours. At 600 deg. the steel containing 28-7 
per cent. of chromium lost its brittleness in five hours, 
at 650 deg. in two hours, and at 800 deg. in one hour. 
These specimens could again be made brittle by 
heating at 475 deg. These data clearly show that the 
brittleness is a reversible phenomenon and probably 
caused by a precipitation. 


PROPERTIES AT RAISED TEMPERATURES 


As already mentioned, Becket found that the 
embrittled condition was not revealed by tests at 
raised temperature. Both conditions gave the same 
results at 475 deg. Cent. Riedrich and Loib carried 
out notched-bar tests on the standard German test 
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piece at temperatures up to 800 deg. Cent. (Fig. 3). 
The impact value of the 24 per cent. chromium steel 
at room temperature is always low, but in the 
“tough ” condition as shown by the bend test the 
value rapidly rises with temperature of test from 
about 1-5mkg. per square centimetre at 20 deg. 
Cent. to 21 mkg. per square centimetre at 150 deg. 
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Fic. 2—Effect of 10 to 1000 Hours Heating at 400 deg. to 





would be achieved at a lower temperature than 
800 deg. Cent. 


CHANGE OF PROPERTIES ASSOCIATED WITH 
EMBRITTLEMENT 
There is an appreciable change in the hardness of 
the alloys which have been subjected to the embrittling 


500 Hrs. 
1 
1,000 Hrs. 


460° | \ 
13 a 9] 


Chromium per Cent 


1,000 Hrs. 500 Hrs. 


100 Hrs. 


500° : 
SC t Oe. a ee ae 


Chromium per Cent 


500 deg. Cent. on Low Carbon Chromium Steels containing 0-9 per 


cent. of Titanium 


Cent. and then remains fairly constant up to 600 deg. 
with a rise to 22-5 mkg. per square centimetre at 
800 deg. Cent. The material embrittled by holding 
for 1000 hours at 475 deg. Cent. rises slowly from 
0-5 mkg. per square centimetre at 20 deg. Cent. to 
1-5 mkg. per square centimetre at 150 deg. and still 
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Fic. 3—Notched Bar Impact Value at Raised Tempera- 
tures of 24 per cent. Chromium Steel as Water Quenched 
from 750 deg. Cent. and after being Reheated for 1000 
Hours at 475 deg. Cent. 


slowly to 10 mkg. at 600 deg. and 20 mkg. at 800 deg. 
Cent. The time for which the specimen was held at 
the temperature before testing is not stated, but it 
must presumably have been short (i.¢., less than 
thirty minutes), since in the light of the last para- 
graph it would be expected that with long periods of 
reheating above 500 deg. Cent. identity of results 


treatment (Fig. 4). The low-carbon chromium alloys 
containing 14 to 29 per cent. of chromium all had a 


. similar Brinell hardness (140 to 150). After long-con- 


tinued heating at 475 deg. Cent. the hardness of the 
14-7 per cent. chromium steel was unchanged ; that 
of the 15-9 per cent. chromium alloy was slightly 
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the Hardness of High-Chromium Steels 


raised to 187, and that of the 28-7 per cent. chrornium 
alloy showed a marked increase to 321. 

The acid resistance of the chromium-rich steels 
suffers by the embrittlement treatment. Loss of 
weight in a solution of copper sulphate in dilute 
sulphuric acid is ten times as great in the brittle as in 
the tough condition. In addition to surface attack, 
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intercrystalline cerrosion occurs in chromium steels 
with about 20 to 24 per cent. of chromium. 

The structure of the chromium-rich steels was 
revealed by a process of alternate polishing and 
etching. The specimen was first etched for five 
seconds in boiling concentrated hydrochloric acid. 
Then, after repolishing, it was made the anode in a 
10 per cent. oxalic acid solution and etched electro- 
lytically for ten to fifteen seconds. It was then again 
hand polished and etched for ten to fifteen seconds in 
boiling concentrated hydrochloric acid. By this 
means it was possible to observe the grain boundaries 
in the tough material, the thickening of the boundaries 
and evidence of precipitation in the brittle condition 
and the intercrystalline character of the fracture. 

With reference to other physical properties, it was 
found that specific gravity hardness and coercivity 
increase, the magnetic saturation remained constant, 
whilst the electric resistance diminishes in the 24 per 
cent. chromium steel held at 475 deg. Cent. thus :— 


Water quenched After 1000 hr. 
from 750 deg. at 475 deg. 
Specific gravity aol SOME sas vem 7:64 
ardness .. 170 ae! 2h 320 
Coercive force (Oersteds) ot ee 5-2 
Magnetic saturation 
(Gauss) ... 13,800 ... 13,850 
Resistivity ... 66 x 10-4 . 62-5x 10-4 
The lattice constant in the tough and in the brittle condition 
was 2-897 A. 


All these changes are consistent with the suggestion 
that the embrittlement is caused by some form of 
precipitation. It may be concluded that the pheno- 
menon is not due to the action of any sort of carbide, 
since it is not affected either by carbon content or 
by the presence of strongly carbide-forming elements. 
It seems that the brittleness is dependent only on 
chromium content and hence on the precipitation of 
some iron-chromium compound. The only binary 
compound known is FeCr, the sigma phase, which, 
however, has not been detected in chromium steels 
with less than about 35 per cent. of chromium. This 
phase, moreover, is non-magnetic and its precipitation 
would involve a change in magnetic induction which 
was not found to occur on embrittlement. 

While the conditions for producing and for avoiding 
475 deg. brittleness are well established, much work 
remains to be done before a satisfactory explanation 
of the phenomenon can be, put forward. 
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Mining ileaege Gear 


THE latest published Report of the Safety in Mines 
Research Board! contains, as is usual, some sections 
of metallurgical interest especially with reference to 
haulage gear and wire ropes. Forty-one samples of 
broken and defective haulage gear were examined. 
Faulty welding of wrought iron and mild steel links 
was the chief defect observed ; but other failures were 
traced to the forging of wrought iron at too low a 
temperature so that the slag streaks on the outer 
radius of a bend broke up into fragments owing to 
the plastic extension of the iron at a temperature at 
which the slag was brittle, thus destroying the fibrous 





character of the material, and to an inadequate 
normalising temperature of soft steel haulage shackle 
pins, which resulted in abnormal grain size and inter- 
granular carbide films, giving rise to embrittlement. 

Tests were mad3 on wrought iron, mild steel and 
1-5 per cent. manganese mild steel to find how the 
impact resistance of these materials, used for mine 
haulage gear, was affected by surface hardening due 
to light hammering and abrasion of the surface, and 
by general hardening due to cold working. The mild 
steel containing 1-5 per cent. of manganese had a 
much greater impact value than the other materials, 
both initially and for all degrees of cold work adopted 
in the tests. After 50 per cent. reduction in area by 
cold working the 1-5 per cent. manganese steel 
retained 75 per cent., wrought iron 50 per cent. and 
mild steel 15 per cent. of their respective initial 
impact values. The same suporiority was shown by 
the high-manganese steel in fatigue strength and in 
repeated impact tests on material in the surface 
work-hardencd condition. The presence of laps in 
the weldzd specimens gave rise to low results as the 
roots of the laps provided ideal starting points for 
fatigue cracks. In the following tests laps on the 
edges of welds were filed away :— 





Tensile 
strength, 
tons per 

sq. in. 


Fatigue 

strength, 

tons per 
sq. in. ! 


Repeated 


Material of chain. E 
impacts. 





1-5 per cent. menaenees mild) : 
steel +82 


Mild steel, “weldless (0° 2 : per 


90,000 * 


29,000 
12,000 


47,000 


28-75 


27-70 
18-15 


cent. C. Jive one “9 
Wroughtiron .. 
Mild steel, electrically welded 


19-5 





(0-1 per cent. C.) .. 4-88 











* Unbroken. 


Samples from a large number of winding and 
haulage ropes were examined. In previous years the 
examination of rope samples led to the conclusion 
that excessive deterioration had nearly always been 
due to the unfavourable working conditions or to the 
choice of unsuitable types of ropes or lubricants. In 
the past year, however, the use of defective material 
has been observed in some of the ropes which failed 
or showed excessive deterioration. There was 
evidence in samples from one winding and two haulage 
ropes of wire having been drawn from billets from 
which an insufficient discard had been taken. The 
wires failed by longitudinal cracking which was at 
first entirely internal. Arranged longitudinally at 
the centres of the defective wires were a rather large 
number of fine non-metallic inclusions with a zone of 
low-carbon steel around them. This structure, in 
conjunction with the fact that the rope worked on a 
small drum and pulley, was sufficient to explain the 
tendency of the wires to split under high bearing 
pressures. The cause of failure of wire ropes is almost 
invariably fatigue fractures of the constituent wires 
usually induced by some abnormal surface condition 
or inadequate support given to the rope strands by 
the core, leading to excessive pressure between the 
strands. One of the ropes examined was l}in. 
diameter Lang’s lay, with six round strands of 
12-6-1 construction. It broke after 14} months’ 
service at a part lying between drum and pulley 
when the cage was at the pit bottom, at a depth of 
1426ft. In the vicinity of the fracture, extending 
over a length of at least 30ft., it was found that all 
the outer wires, seventy-two in number, had broken 
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many times in pure fatigue. Ten of the thirty-six 
inner wires and five of the six centre wires had also 
failed in fatigue. There was pronounced inter-strand 
nicking in all the outer wires, with the fatigue cracks 
originating on the side of the wire opposite the nicks. 
The fibre core (made of jute) at the point of failure 
was crushed. Had there been any suspicion of failure 
by fatigue of the wires within the rope the internal 
condition might have been detected by untwisting 
short inspection lengths whilst the rope was still in 
service, as previously recommended by the Board ; 
but there was no such suspicion and a failure of this 
kind emphasises the necessity of developing and 
applying some simple non-destructive test which, 
without in any way interfering with the use of the 
rope, will give early warning of any deterioration in 
strength which is taking place. 
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Hardening of Tellurium - Lead 
Alloys 


TELLURIUM-LEAD alloys have been in process of 
development in England for nearly ten years, and 
various properties of value in practice have been 
attributed to them. One of the most noteworthy 
is the effect of tellurium in preventing self-annealing 
after cold working, an effect which appears to be 
complete at about 0-05 per cent. of tellurium. The 


tensile strength of the cold-rolled material is appre- 
ciably higher than that of the hot-extruded alloy, and 
remains so. It was claimed by W. Singleton and B. 
Jones! that tensile tests on rolled sheet show that 
tellurium-lead can be permanently work-hardened. 
Close inspection of the data offered in support of this 
conclusion, however, indicates that the strengthening 
of the cold-worked alloys has not the permanence at 
first ascribed to it. In the discussion of the paper 
mentioned it was pointed out that on the authors’ 
own data the most stable of the alloys, viz., that con- 
taining 0-06 per cent. tellurium, began to soften at 
the rate of 7 lb. per square inch per day after forty-five 
days. In the same discussion H. Waterhouse recorded 
the observation that the hardness of the 0-067 per 
cent. tellurium-lead alloy, cold rolled from lin. to 
0-2in. thick, was retained unchanged for about six 
weeks at 80 deg. Fah., but that the material softened 
progressively after one day at 130 deg. Fah. He also 
found evidence of age hardening in these alloys, the 
fatigue limit rising from +0-34 tons per square inch 
a few days after extrusion to +0-50 tons per square 
inch some weeks after extrusion. This behaviour is 
due to precipitation hardening produced by the 
deposition of lead telluride from solid solution, and 
it appears possible that the resistance to recrystallisa- 
tion which confers the strain hardening property on 
the alloy is connected with the same phenomenon. 
During the last few years the recrystallisation of 
different alloys of lead has been studied by X-ray 
methods at the Lead Research Station in the Tech- 
nical High School, Berlin, and in the Rosenhain 
Memorial Laboratories in the University of Mel- 
bourne. At Berlin the high resistance to recrystallisa- 
tion of the tellurium-lead alloy was confirmed by 
W. Hofmann and H. Hanemann,? and has been found 





to be more pronounced in alloys in the cast condition 
than in the annealed condition. They found that 
recrystallisation was retarded in certain lead alloys 
by age-hardening before cold working. For example, 
an alloy containing antimony 2-0, arsenic 0-5 per 
cent., cold worked after precipitation hardening, 
recrystallises and softens very slowly. If it is cold 
worked before ageing the fall in hardness is more 
rapid. H. Hirst,? of Melbourne, using X-ray methods, 
compared the effect of several elements on the rate 
of recrystallisation of lead. Metals which increase 
the work-hardening capacity of lead influence the rate 
of recrystallisation after annealing, yet the two effects 
are not directly related. Thus, in alloys cold rolled 
to 99-7 per cent. reduction, it was found that calcium 
(0-25 atom per cent.), though producing less increase 
in the work-hardening capacity of the alloy than 
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Hardening and Softening of the Cast and Rolled Alloy 
containing 0-1 per cent. of Tellurium 


tellurium (0:08 atom per cent.), nevertheless had a 
much greater effect in retarding recrystallisation. 
The permanence of strain hardening of the tel- 
lurium-lead alloys has been investigated by W. 
Hofmann and H. Hanemann‘ by means of Brinell 
tests carried out on a 0-1 per cent. tellurium alloy 
prepared from the purest lead and rolled down by 
various amounts up to 90 per cent. reduction. In 
the cast condition this alloy was not homogeneous, 
but showed cubic lead telluride inclusions in the grain 
boundaries. The hardness. was measured imme- 
diately after rolling and then at various intervals 
up to two years. Two series of experiments, started 
independently at different times, gave identical 
results. As is clearly shown by the accompanying 
diagram, strain hardening appears immediately after 
rolling up to a degree of reduction of about 80 per 
cent. With greater deformation the specimens soften 
partially during rolling and completely on storage. 
With small amounts of reduction slight hardening 
occurred immediately, and pronounced hardening 
was observed on storage. Microscopical examination 
revealed differences in etching effect, which suggested 
that the hardening on storage was due to precipita- 
tion of lead telluride. Thus the work-hardening of 
these alloys may not be primarily a question of the 
retardation of the rate of crystallisation. The diagram 
indicates that up to 20 per cent. reduction maximum 
hardness is reached after nine months, and is retained 
for two years ; with 35 per cent. reduction, maximum 
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hardness is again attained in nine months, but there 


is appreciable softening in two years; whilst with 
75 per cent. reduction the hardness reaches a maxi- 
mum in one to three weeks and softening is nearly 
complete in two years. It is still an open question 
whether the hardening of the slightly deformed 
tellurium-lead alloys is not also lost by recrystallisa- 
tion after a long period. 

Among the other useful properties of the tellurium- 
lead alloys is the fatigue strength of the hot extruded 
material which, in contrast with the antimony-lead 
alloys, is not associated with such great rigidity. 
The relatively high fatigue strength, combined with 
the softness of the material, has led to its use for 
lead cable sheathing. Hofmann and Hanemann 
confirm the good fatigue strength of the alloy, which 
they give as -+-0-32 ton per square inch for 50 million 
reversals at 740 per minute, also quoting F. K. 
von Géler and G. A. Greff,5 who give -+-0-44 ton per 
square inch for 20 million reversals at 3000 per 
minute. 

The paper by Hofmann and Hanemann shows the 
importance of the strong age-hardening tendency of 
the cast and slightly deformed tellurium-lead alloys, 
which, though associated with a certain resistance to 
recrystallisation, is the more effective factor in main- 
taining the hardness of the coid-worked material. 
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Beryllium as a Light Metal 
Component 


THERE is always a great deal of interest in beryllium, 
and in view of its known properties, which give it a 
unique place among the metals, publicity is some- 
times given to claims about its value, now or in the 
immediate future, which cannot be substantiated. 
An authoritative account of the present position with 
respect to the use of beryllium and some of its light 
alloys, by Dr. C. B. Sawyer, president of the Brush 
Beryllium Company, Cleveland, U.S.A., is therefore 
specially welcome. The Brush Beryllium Company 
has developed methods of production of the metal 
of guaranteed purity 96 per cent., which may be 
raised to as high a value as 99-94 per cent. Sawyer 
and Kjellgren recorded the properties of 99-5 per 
cent. beryllium, the impurities being aluminium, iron, 
magnesium, carbon, and silicon. Its density was 
1-84, specific heat 0-475, and linear coefficient of 
expansion 13-3 10-*. In the cast condition it had 
a tensile strength of 7-6 to 9-3 tons per square inch, 
and elongation nil. As forged at 900-1000 deg. 





Cent. (0-75in. to 0-36in. diameter), its tensile strength. 


was 13-3 tons per square inch, and, after annealing 
at 1000 deg. Cent. in hydrogen, 12-0 tons per square 
inch, the specimens in both cases breaking with no 
measurable elongation. Determinations of the 
modulus of elasticity gave results varying from 
42-6x 10°lb. per square inch for the cast alloy to 
36-8 x10%lb. per square inch for the forged and 
annealed bar. The only practical use suggested for 
the pure metal is to replace aluminium as ‘‘windows”’ 
for X-ray tubes, beryllium being said to be 
seventeen times as penetrable to X-rays as is 
aluminium. 

The melting point of beryllium is 1285 deg. Cent., 
and this is a disadvantage in producing beryllium- 
rich alloys. Magnesium additions are rejected as 
vapour, the boiling point of magnesium being 1110 
deg. Cent. With aluminium a eutectic containing 
only 0:9 per cent. of beryllium is formed. The solid 
solution of aluminium in beryllium contains not more 
than about 1 per cent. of aluminium. With only 
1-25 per cent. of aluminium, the eutectic is present, 
and the elongation is nil or very low until the com- 
position 75 : 25 aluminium-beryllium is reached. 

For the past four or five years the Aluminum Com- 
pany of America, in co-operation with J. B. Johnson, 
Chief of the Materials Laboratory of the War Depart- 
ment, Wright Field, and with the Brush Beryllium 
Company, has been carrying out an extensive investi- 
gation of beryllium-aluminium alloys, aimed at the 
production of a better piston material. Some elonga- 
tion, even up to 25 per cent., is obtainable, according 
to composition and treatment, but for a given elonga- 
tion the tensile strengths of the alloys are from 4-5 to 
13-5 tons per square inch lower than those of the 
strong aluminium alloys used for aircraft. Their 
creep resistance is very poor. Binary beryllium- 
aluminium sheet showed over four times as much 
creep as duralumin showed when subjected to five 
times the stress. Some improvement can be obtained 
by adding other constituents, but in general the 
alloys possessing a moderate elongation have nothing 
in their favour except a high modulus of elasticity 
(14 to 16 x 10° lb. per square inch, as compared with 
about 10X10%lb. per square inch for aluminium 
alloys). This is not sufficient to compensate for their 
lower strength at room temperature, though at 
600 deg. Fah. their tensile properties are more 
favourable. 

There are also serious casting difficulties, and Dr. 
Sawyer concludes: ‘‘ Unfortunately, almost two 
years of co-operative work has resulted in only one 
article which looked like a piston, and that probably 
could not get by an aviation inspector at a distance 
less than 6ft. So, except for limited applications 
which can be made on material from a laboratory 
scale of production, we -have to conclude. that 
beryllium-aluminium alloys are not now. a factor.’’ 
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